Soliton evolution in optical f ibers and all-optical soliton recovery with a nonlinear active loop mirror have been studied with view to applications in transmission systems having a high bit-rate -distance product. A 1.3-ps pulse is successfully transmitted over 111 soliton periods, reshaped, amplif ied, and transmitted another 111 soliton periods. © 1995 Optical Society of America Generally, when dispersion-shifted fibers are to be used, the path average regime applies, 1 -3 where reshaping of the solitons is negligible between consecutive amplifier stages. However, because long distances of standard telecommunication fiber (STF) are already installed, it is important to study solitonic propagation in regimes, where the soliton length z 0 can be only a few tens of meters and the spacing between amplifiers is hundreds of times this length. Although loss in the fiber can be treated as adiabatic, lumped amplification leads to signif icant shaping. After the pulse is amplif ied, it no longer satisfies exactly the soliton conditions of shape and amplitude, but after hundreds of z 0 the pulse becomes a soliton. While the amplified pulse adjusts its duration, excess energy is shed as a dispersive wave. This process is also found at the pulse source, because it is very difficult to couple into the fiber a pulse that is a soliton. Although temporally the energy shed by the pulse disperses along the fiber, the spectral content of the dispersive wave and the soliton overlap exactly throughout the fiber, and interference is expected at the receiving end. The low-light background that originates from the dispersive wave and the spectral modulation arising from interference are clearly undesirable, since they lead to an increased bit error rate. The interaction of the soliton with the dispersive wave has been described by solution of the nonlinear Schrödinger equation, and some experimental evidence has been presented. 4 In this Letter we describe numerical simulations and experiments on the spectral characteristics of soliton propagation in STF. We also show that the nonlinear amplifying loop mirror (NALM), which has found applications in soliton pulse generation and switching, can be used to clean up, to a large extent, the resulting spectrum after propagation. Figure 1(a) illustrates the numerical results of the spectrum of a 1.5-ps sech 2 pulse after propagation through 5-km standard fiber with dispersion D 15 ps͑͞nm km͒. The inset shows the pulse intensity in the time domain. The initial pulse power is assumed to be 90% of the fundamental soliton power. Only one side of the spectrum is shown, since the spectrum is symmetric around the carrier frequency. Although the pulse appears smooth in the time domain, a strong spectral modulation is observed.
Generally, when dispersion-shifted fibers are to be used, the path average regime applies, 1 -3 where reshaping of the solitons is negligible between consecutive amplifier stages. However, because long distances of standard telecommunication fiber (STF) are already installed, it is important to study solitonic propagation in regimes, where the soliton length z 0 can be only a few tens of meters and the spacing between amplifiers is hundreds of times this length. Although loss in the fiber can be treated as adiabatic, lumped amplification leads to signif icant shaping. After the pulse is amplif ied, it no longer satisfies exactly the soliton conditions of shape and amplitude, but after hundreds of z 0 the pulse becomes a soliton. While the amplified pulse adjusts its duration, excess energy is shed as a dispersive wave. This process is also found at the pulse source, because it is very difficult to couple into the fiber a pulse that is a soliton. Although temporally the energy shed by the pulse disperses along the fiber, the spectral content of the dispersive wave and the soliton overlap exactly throughout the fiber, and interference is expected at the receiving end. The low-light background that originates from the dispersive wave and the spectral modulation arising from interference are clearly undesirable, since they lead to an increased bit error rate. The interaction of the soliton with the dispersive wave has been described by solution of the nonlinear Schrödinger equation, and some experimental evidence has been presented. 4 In this Letter we describe numerical simulations and experiments on the spectral characteristics of soliton propagation in STF. We also show that the nonlinear amplifying loop mirror (NALM), which has found applications in soliton pulse generation and switching, can be used to clean up, to a large extent, the resulting spectrum after propagation. Figure 1 (a) illustrates the numerical results of the spectrum of a 1.5-ps sech 2 pulse after propagation through 5-km standard fiber with dispersion D 15 ps͑͞nm km͒. The inset shows the pulse intensity in the time domain. The initial pulse power is assumed to be 90% of the fundamental soliton power. Only one side of the spectrum is shown, since the spectrum is symmetric around the carrier frequency. Although the pulse appears smooth in the time domain, a strong spectral modulation is observed.
Neglecting fiber attenuation, Chbat et al. 4 calculated that strong modulation is expected, as a result of interaction between the pulse and the radiated wave. We found the assumption of negligible attenuation acceptable by comparing the analytical results of Ref. 4 with our numerical solutions. It was observed that the distance between two peaks in the spectrum decreased with increasing propagation length. This corresponds to the fact that the radiated energy disperses more and more as the soliton travels along the fiber. It was found that the envelope width of the spectrum narrowed with decreasing launched power, because broader solitons resulted after propagation. By changing the initial pulse power on a finer scale, we noted that the spectral shape and the frequencies where modulation peaks occurred were nearly periodic. This is explained by the fact that the phase between the soliton and the dispersive wave can be varied by 2p with a small change in launched power. In our simulations, and also in agreement with analytical formulas that we derived from Ref. 4 , we found the period to be 0.36 dB in terms of initial power.
It is interesting to note that a 1.5-ps pulse (1.68-nm bandwidth) propagating in the linear regime through a 5-km STF broadens to 126 ps. If the dispersed energy is linearly distributed over this time slot, then only 1% is expected to be within the 1.5-ps soliton width. Therefore it would be advantageous to use an element that is transparent to the signal only during a short time window around the soliton peak. The NALM is an approximation to such an element, and thus we investigated its performance for soliton recovery in the following.
In our calculations the NALM consisted of a 3-dB coupler, an amplif ier with optical power gain G assumed to have an infinitesimal length, a 50-m-long piece of fiber, and a polarization controller. The NALM had input and output ports, corresponding to the fields F in and F out , respectively. Two fields, one of which was initially amplified by p G, counterpropagated in the fiber loop. After propagation, the other field was amplified by p G, and the fields recombined at the coupler. We neglected cross-phase modulation, as the average power in the NALM was low.
To model the behavior of the NALM we used a beam-propagation method and an approximate analytical method. In the numerical method, propagation in the fiber was described by the nonlinear Schrödinger equation including a term representing loss. For the approximate method, we assumed that the fiber dispersion was negligible, so that the solution of the propagation equation was straightforward. We included a phase bias term Du and a time-independent phase shift w 0 to describe the setting of the polarization controller and the birefringence in the NALM introduced by the fiber in the loop, respectively.
Neglecting dispersion, the transfer function of the NALM is
where G is the amplitude attenuation coefficient, jF in j 2 P in (watts), g 2pn 2 ͑͞A eff l͒, n 2 is the Kerr coeff icient, A eff is the effective core area, l is the signal wavelength, and L eff ͓1 2 exp͑22GL͔͒͞2G. If we adjust the gain such that the effective length of the fiber inside the NALM is L eff 2p͞P in ͑G 2 1͒g, the maximum output power becomes P max P in G exp͑22GL͒. However, in terms of reducing the energy shed by the pulse, this might not be the best point of operation. In Ref. 5 it was found that using p G ͑G 2 1͒exp͑2GL͒L eff ͞4 ഠ 2 results in an output pulse as close to a soliton as possible. Figure 1(b) illustrates the output pulse after the NALM for the input signal shown in Fig. 1(a) . Four curves are displayed, obtained by changing the bias of the NALM ͑Du 0, 0, p͞12, p͞6͒. Two curves are shown for zero bias, one found by using the accurate propagation equations including dispersion and the other calculated by neglecting the dispersion. The two curves are similar, justifying the use of the analytical method to calculate the output pulses for biases p͞12 and p͞6. In the absence of bias, the output spectrum is free from modulation, conf irming that the NALM can be used for spectral filtering. Figure 1(b) illustrates that for increasing bias more modulation is transmitted by the NALM, the spectrum broadens, and the pulse shortens. The frequency of the modulation transmitted is close to that of the input pulse [cf. Fig. 1(a) ]. Finally, by varying the fiber length or the gain of the amplif ier in the NALM, we found that in the presence of a large bias the spectrum of the output pulses could be shaped dramatically in both the time and frequency domains.
The source of pulses for propagation experiments was a modified figure-of-eight fiber laser. 6 It produced nearly transform-limited pulses ͑DnDt ϳ 0.33͒ of 1.3-ps FWHM duration, tuned to 1542 nm by use of an intracavity filter. The pulse spacing was 400 ps and therefore large enough for overlap of any dispersive radiation from two consecutive pulses to be avoided.
The peak power available from the laser was 35 W, and the first-order soliton power in the STF used was estimated to be ϳ14 W. The output pulses were sampled by a 10% coupler, and the remaining 90% of the signal power was attenuated and launched into a 5-km-long STF ͓D ϳ 15 ps͑͞nm km͔͒. For the prevailing experimental conditions the soliton length z 0 was estimated to be 45 m, so the propagation length corresponded to 111z 0 . For the fiber length used, the pulse duration was suff iciently large to avoid a self-frequency shift. As discussed above, provided that the launched pulse did not satisfy exactly the soliton conditions of power and shape, energy radiation was expected, and a modulated spectrum should result. With little or no attenuation of the input pulses, solitonic propagation was observed, and the output pulses broadened only slightly, because of attenuation (t ϳ 2-3 ps). The output spectrum, however, was strongly modulated. Figure 2 illustrates a series of experimental traces of spectra obtained at the output end of the 5-km fiber for various input powers. The output spectra were still symmetrical and the shapes were well described by theoretical curves obtained, as illustrated in the example of Fig. 1(a) . As the power was reduced, the shape of the spectrum was found to alternate between a single-and a double-peaked structure. It was found Fig. 2 . Output spectra after 5-km propagation for (a) maximum available input power P in , (b) P in 2 1.2 dBm, (c) P in 2 1.8 dBm, (d) P in 2 1.9 dBm, (e) P in 2 2.2 dBm, and (f ) P in 2 7 dBm. experimentally that the approximate recurrence of any spectral shape took place for an additional attenuation of ϳ 0.3 dB, which is relatively close to the value 0.36 dB found theoretically. When the launched pulses were strongly attenuated the pulses broadened in time to more than 100 ps after 5 km, and the output spectrum [ Fig. 2(f ) ] remained similar to that of the launched pulses.
The performance of the NALM for soliton recovery, amplification, and spectral filtering was evaluated. The fiber loop comprised a 50-m-long dispersionshifted fiber, a 5-m-long piece of STF, and an 8-m-long diode-pumped Er͞Yb fiber amplifier spliced to a 3-dB coupler. The average dispersion of the NALM was D ϳ 21.3 ps͞(nm km) (normal). As much as 15 dB of gain was available at the soliton wavelength. As mentioned above, the polarization state of the light is important, and a polarization controller was inserted in the loop. The pulse width of the recovered soliton was found to narrow for increasing gain, and pulses as short as ϳ1.3 ps were obtained, corresponding to a compression factor ϳ2. For high gains the fit of the autocorrelation curve to that predicted for a sech 2 pulse shape worsened, as expected when the maximum phase excursion in the NALM gets close to p. In the spectral domain the output of the NALM showed a much-reduced modulation compared with the spectrum after 5-km propagation. Figure 3 illustrates the spectra of the recovered pulses, measured for three values of gain. The corresponding autocorrelation traces are shown in the insets. As predicted numerically, for a small Du, the remaining modulation is observed only in the central part of the spectrum, and its depth is greatly reduced. The time -bandwidth product was found to be ϳ0.33 for high gains.
It is diff icult to compare quantitatively the results shown in Fig. 1(b) with the measured spectra. Even a small uncertainty in the polarization state of the light in the NALM and in the values of the parameters in our experiment, such as the ratio n 2 ͞A eff , would lead to a large variation of the shape of the output spectrum. Qualitatively, however, our experiment has shown the same behavior as the above simulations. Finally, the dramatic pulse shaping predicted in the presence of a large bias was not observed experimentally, probably because the setting of the polarization controller was always adjusted to optimize the pulse shape, which occurs for lower bias values.
To examine the quality of the recovered pulses, i.e., how close they were to solitons, we attenuated the output from the NALM and propagated it through another 5 km of STF. We found spectra similar to those in Fig. 2 . An example of such spectra is shown in Fig. 4 , with the corresponding autocorrelation trace in the inset (note the enhanced modulation).
In conclusion, although strictly the dispersive wave and the soliton can be separated only mathematically, it was found both theoretically and experimentally that the NALM can be used to strongly reduce the interference between the dispersive wave and the soliton. *Permanent address, Pontif icia Universidade Catolica do Rio de Janeiro, Brazil.
